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Abstract In this study, the effects of thermo-mechanical
processes on the 110 K phase of Bip ,Pb,Sr2CayCu30,,
(x = 0.3-0.6) superconductors have been studied. In order
to investigate the effects of thermo-mechanical processes,
the samples were prepared in three groups with different
sintering temperatures having intermediate grindings and
pressings. The superconducting and structural properties of
BPSCCO system were characterized by R(T), x(T), and
Je measurements; XRD; and SEM analysis. The thermo-
mechanical processes were investigated to explain how they
affect 7. and metallic properties of the samples. Accord-
ing to the analysis, we obtained that the 110 K phase of
BPSCCO samples was significantly affected by these ther-
mal and mechanical processes. The preparation conditions
were optimized in order to obtain a BPSCCO system having
dominant phase of 110 K with the superior superconducting
properties.

Keywords High-T7; superconductors - Thermo-mechanical
processes - Critical temperature - Pb doping
1 Introduction

Among the various HTS materials, Bi(Pb)-Sr-Ca-Cu-O was
considered as a very interesting material for various reasons,
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in particular for their rather high 7, and high J; values. In
BizSryCa;,—1Cu, 02,y (BSCCO), three superconducting
phases are commonly observed. These phases are Bi-2201
(n = 1), Bi-2212 (n = 2) and Bi-2223 (n = 3) having
transition temperatures of 20, 85 and 110 K, respectively
[1, 2]. The Bi-2223 phase is the most attractive one among
the others, because it has the highest superconducting
transition temperature, 7c. Since the discovery of Bi2223
superconductor, great progress has been achieved in enhanc-
ing transport properties of this high-7, superconductor [1].
However the intergrain weak links and weak flux pin-
ing capability are the major limitations for superconductor
applications of the Bi2223 system. In order to overcome
these problems, there are many research have been done for
the introduction of crystal defects that are on the order of the
coherence length and provided satisfactory advantages for
the applications [3, 4]. Starting composition, sintering time
and intermediate grinding also affect critical current den-
sity significantly, because they influence microstructure and
weak link profile, which strongly change its superconduct-
ing properties [5]. In our previous work [6] we have shown
that the quality of electrical and structural properties of
Bi-2223 bulk superconductors strongly depends on the com-
paction pressure during pellet formation. Compaction of
bulk samples at 400 MPa produces textured grain alignment
and causes microstructural modifications which enhances
flux pinning and thus increases current carrying capacities.

There has been intense research on finding ways to
enhance the growth of (2223) phase. For this reason, differ-
ent methods are used such as doping Pb [7] and vanadium
atoms [8] and adjustment of thermal treatment [9] in order
to obtain a material, which has a homogeneous single phase
and a high transition temperature value.
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In this study, the effects of thermo-mechanical processes
on the 110 K phase of Bi;_,Pb,Sr;Ca;CuzO, (x = 0.3
0.6) superconductors have been studied. In order to inves-
tigate the effects of thermo-mechanical processes, the sam-
ples were prepared in three groups with different sintering
times at 845 °C having intermediate grindings and press-
ings. The characterization of the samples was carried out
by AC susceptibility, resistance-temperature (R-T), criti-
cal current density-magnetic field (J.—B), SEM, and XRD
measurements.

2 Experimental Details

The bulk ceramic samples used in this study were pre-
pared by a conventional solid-state reaction method. BipO3

o

(99.99 %), SrCO3z (99.99 %), CaCO3, CuO (99.99 %)
and PbO (99.999 %) chemical powders were used as a
starting materials. The powders with a molar ratio of
[Bi]:[Pb]:[Sr]:[Ca]:[Cu] = 2 — x : x:2:2:3 were mechan-
ically well mixed for 1 h in age mortar and then were
calcined twice at 820 °C for 24 h. The calcined material was
reground and pressed into pellets of 10 mm in diameter with
a pressure of 400 MPa. The samples which were sintered at
845 °C for 120 h will be referred as group A. Some of the
pellets were sintered at 845 °C for 60 h. These samples were
denoted as group B. The third group of the samples which
were sintered at 845 °C for 120 h with two intermediate
grindings will be referred as group C.

The electrical resistance measurements were made by
passing 1 mA dc current through the contacts in a four-probe
configuration. The contacts were made by using silver paste.
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Fig. 1 Resistance-temperature curves of the Pb doped Biy_Pb,Sr;CayCu30, samples: a group A samples b group B samples, and ¢ group C

samples
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The temperature of the samples was monitored by using a
calibrated Pt thermometer from Lakeshore. For critical cur-
rent (I.) versus applied magnetic field (B) measurements,
bulk samples were cut into rectangular bars from pellets
and were thinned. The J.—B measurements were made by
using fourprobe methods at 77 K, and contacts were made
by using silver paste. For the critical current 1 uV/cm
criterion was employed. For low magnetic fields a cop-
per wire solenoid was used. The field direction was kept
perpendicular to measuring current direction.

The AC complex magnetic susceptibility (x’ + i x”) of
the samples was measured by a mutual inductance bridge,
using a two phase SR530 model lock-in amplifier to pick up
in-phase and out-of-phase signals of the secondary coils. X-
ray diffraction patterns of the samples were obtained with
Rigaku D. Max. 3CXRD by using monochromatic CuK,
radiation in the 26 3 — 60° range. SEM photographs
for the study of surface morphology of the samples were
obtained by using a XL 30S FEG SEM.
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3 Results and Discussions

We performed electrical resistance measurements as a
function of temperature between 80 and 130 K to
investigate the effect of Pb substitution and thermo-
mechanical processes on the superconducting properties of
the Bip—xPb,Sr;CayCu3zO, (x = 0.3-0.6) samples. The
variation of the R—T curve depending on the Pb content
denoted as group A samples is shown in Fig. 1a. According
to the R—T curves, all samples have shown a metallic char-
acter above the onset temperature and the superconducting
transition temperature for all samples have varied between
100 and 101 K. The sharpest transition was obtained for the
sample with x = 0.50.

The resistance of the group B samples as a function
of the temperature is shown in Fig. 1b. A maximum
zero-resistance temperature of 101 K was obtained for
doped sample (x = 0.50) with an onset temperature at
111 K. The transition curves indicate two-step (double step)
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Fig. 2 AC magnetic susceptibility-temperature curves of the Pb doped Biz_Pb, SroCayCuz Oy, samples: a group A samples, b group B samples,

and ¢ group C samples

@ Springer



3568

J Supercond Nov Magn (2017) 30:3565-3572

b 1,0
Group B —— x=0.30
—w— x=0.35
—*— x=0.40
0,8 1 —e— x=045
& x=0.50
4 x=0.60
§ 0,6
o
2 ®
03]
~— 0’4_
3 e
\\ ) ®
~ 3
0,2 1 —de— —® ®
- TR 4
’— = —
0,0 T T T
0 4 6 8 10
B(mT)

a 10
) Group A v X030
\ —8— x=035
\ —a— x=040
& x=045
—%— x=0.50
—o— x=0.60
S
)
2
)
)
=
tj;*' _t 3,2 o
oo e f—g o
X8 2g Qe o o
0.0 T T T T
0 2 4 6 8 10
B(mT)
C 1,0 &
08|
061
=)
3]
2
0 04
g
=S
0,2 1
0,0

0 2

B (mT)

Fig. 3 The normalized critical current density, J.(B)/J:(0), versus magnetic field, B, at 77 K a Group A samples b Group B samples ¢ Group C

samples
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Fig. 4 XRD patterns of the Pb doped Bis_, Pb, SryCa;Cuz Oy, samples: a group A samples, b group B samples, and ¢ group C samples
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transitions, which is an indication of two phases present
except for the samples with x = 0.50 and it is related to a
structural phase transformation. We believe that the double
step resistive transition is an indication of weak links in the
samples.

Figure 1c shows the results of resistance measurement of
group C samples with a Pb content of x = 0.3, x = 0.35,
x =040,x =045, x =0.50,and x =0.60, as a function
of temperature. The onset temperature, 7. (onset), values
for these samples were all measured as 110 K. The zerore-
sistance temperature, 7¢, for the samples shows a variation

Fig. 5 SEM micrographs of the a
Pb doped
Biy_Pb,SrpCayCuz O,
samples: a group A samples, b
group B samples, and ¢ group C
samples

between 100 and 101 K. All group C samples exhibited
a metallic behavior in a normal state (up to 7. onset). In
addition, the samples (x = 0.50) of group A and group
C showed a very narrow transition width indicating a sin-
gle superconducting transition. The reduction of AT, may
be caused by the increase in the contact area between the
superconducting grains.

AC magnetic susceptibility versus temperature and mag-
netization measurements of the samples were carried out
by a twophase SR530 model lock-in amplifier to pick up
in-phase and out-of-phase signals of the secondary coils.
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Fig.5 (continued)

Measurements were done at the fixed applied magnetic field
amplitude of B = 185 A/m and at the fixed frequency of
1 kHz. The measurement of complex AC magnetic suscep-
tibility is widely used as a nondestructive method for the
determination and characterization of the intergrain compo-
nent in the polycrystalline hightemperature superconductors
[10-12]. At the bulk high-temperature superconductors, AC
magnetic susceptibility measurements show two kinds of
signals for intergrain and intragrain responses [13]. The real
part (x’) provides information on the diamagnetic behav-
ior and the imaginary part (x”) displays the features of
the coupling effect of the grains in the hightemperature
superconductor.

@ Springer

Figure 2a—c shows the temperature variation of AC mag-
netic susceptibility for all groups (A, B and C) of sam-
ples. The diamagnetic transition temperature (7con) was
obtained at about 107 K for the Pb doped samples with
x =030, x =35 x =040, x = 045, and x = 0.50
(Fig. 2a). Although the diamagnetic transition tempera-
ture shifted to 105 K for the Pb doped samples with x =
0.30 and x = 0.60, the strongest diamagnetic behavior
was observed for the group A (x = 0.5) sample. The real
(x) and imaginary (x”) parts of the AC magnetic sus-
ceptibility for the group B samples are shown in Fig. 2b,
which indicates that the diamagnetic transition temperatures
showed a variation in values with Pb concentration. It is
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Fig. 5 (continued)

clear from Fig. 2b that as the Pb concentration increases
up to x = 0.5, the peak of x” shifts to higher tempera-
tures and then sharpens. Figure 2c shows the temperature
dependencies of real and imaginary parts of AC suscepti-
bility for the group C samples. It can be seen from curves
that, while the superconducting transition temperature of
the grains, T, is almost the same for all samples, the inter-
granular diamagnetic transition temperatures 7, are slightly
affected by Pb doping. These results suggest that the inter-
granular coupling between grains is enhanced by increasing
the thermo-mechanical processing.

The critical currents of all samples were resistively mea-
sured at 77 K using 1 u'V/cm criteria, and the critical current
densities of the samples were calculated as 55 A/cm? for
the group A sample (x = 0.50), 33 A/cm? for the group B
sample (x = 0.50), and 105 A/cm? for the group C sample
(x = 0.50). As shown in Fig. 3a—c, the normalized critical
current density, J.(B)/J:(0), is plotted against the magnetic
field, B, at 77 K. It was found that a strong increase of J.
was obtained for the group C samples. The maximum criti-
cal current density is 105 A/cm? for the group C Pb-doped
sample with x = 0.5. This sample showed the slowest J.
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drop under the applied magnetic field. This means that the
thermo-mechanical processing plays an important role in
texturing mechanism and quality of intergranular parts of
the samples.

The XRD patterns of all samples (groups A, B, and C) for
various thermo-mechanical processes are shown Fig. 4a—c.
The diffraction patterns correspond mainly to the 2212 and
2223 phases with orthorhombic and tetragonal structures,
respectively. The characteristic H(002) and L(002) peaks
were observed at 260 = 4.7° and 26 = 5.7°, respectively, for
the group C samples with different intensities. The intensity
of the 2223 phase increased with increasing intermediate
grinding and with increasing sintering time from 60 to 120 h
at 845 °C.

SEM micrographs for samples A, B, and C display
compacted layers of thin flaky plate-like grains with ran-
dom distribution (Fig. 5a—c). The average grain size is
approximately 6 um. In the group B samples we can see
the deformation in crystal structure. However, the grains
became well aligned at 120 h sintering with two intermedi-
ate grindings as compared to the other samples, and thus, the
connectivity between the grains was enhanced. This shows
us that the thermo-mechanical processes improve the grain
and grain boundary structure up to a certain degree, thus
improving the superconducting properties, and hence give
higher critical current densities.

4 Conclusions

In this study, we investigated the effect of Pb dop-
ing and thermo-mechanical process on the superconduct-
ing and transport properties of Biy_,Pb,Sr;Ca;Cuz0,
(x = 0.3-0.6) superconductors. The polycrystalline Pb-
doped BSCCO samples were synthesized using a solid-state

@ Springer

reaction method with different thermo-mechanical pro-
cesses. The structural phase evolution, microstructural
changes, and superconducting critical temperatures in the
samples are clearly affected by the sintering time and inter-
mediate grinding. The samples sintered at 845 °C for 120 h
with two intermediate grindings showed good crystallinity
with a high content of the 2223 phase and exhibited a higher
T.. Among the samples, the group C sample (x = 0.50)
exhibited the strongest intergranular coupling and, hence,
the largest critical current density, which is an important
parameter for a high-temperature superconductor.
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